It still remains a major challenge to repair large bone defects in the orthopaedic surgery. In previous studies, a nanohydroxyapatite/collagen/poly(L-lactic acid) (nHAC/PLA) composite, similar to natural bone in both composition and structure, has been prepared. It could repair small sized bone defects, but they were restricted to repair a large defect due to the lack of oxygen and nutrition supply for cell survival without vascularization. The aim of the present study was to investigate whether nHAC/PLA composites could be vascularized in vivo. Composites were implanted intramuscularly in the groins of rabbits for 2, 6, or 10 weeks ( = 5 × 3). After removing, the macroscopic results showed that there were lots of rich blood supply tissues embracing the composites, and the volumes of tissue were increasing as time goes on. In microscopic views, blood vessels and vascular sprouts could be observed, and microvessel density (MVD) of the composites trended to increase over time. It suggested that nHAC/PLA composites could be well vascularized by implanting in vivo. In the future, it would be possible to generate vascular pedicle bone substitutes with nHAC/PLA composites for grafting.
Introduction
In the past, autograft, allograft, xenograft, and synthetic bone graft substitute materials have been available for repairing bone defects [1] . Although autologous bone grafting is still the gold standard for osteogenic bone replacement, its inherent shortcomings, including limited availability of bone for harvest and significant donor-site morbidity, restrict its application [2] . Allogenic and xenogenic bone grafts are alternatives, but they are used with reservation because of the risk of disease transmission [3] . Synthetic bone substitute has become technically feasible to repair small sized bone defects in clinical practice, but it is difficult to repair large one [4] , because blood supply is restricted in its exterior portion, and cells are the lack of reliable oxygen and nutrient supply. Vascularization plays a very important role in bone repair [5] . It is crucial for tissue-engineered bone (TEB) to establish a vascular network that temporally precedes the formation of new bone [6] . A new bone scaffold material, a nanohydroxyapatite/collagen/poly(L-lactic acid) (nHAC/PLA) composite, had been developed by biomimetic synthesis before [7] [8] [9] . It mimiced the microstructure of cancellous bone. The purpose of this study was to evaluate whether nHAC/PLA composites could be vascularized in vivo.
Materials and Methods
nHAC/PLA composites were synthesised according to the previous method described before [7] [8] [9] [10] . The solution of Type I collagen (0.67 g/L) (CELLON Company, Strassen, Luxembourg) was diluted with deionized (DI) water. Solutions of CaCl 2 and H 3 PO 4 were then separately added by drops according to the ratio of Ca and P (Ca/P = 1.66). The solution was adjusted with sodium hydroxide solution to pH 7.4 at room temperature. After 48 hours, it was centrifugated and freeze-dried. Then, the nHAC deposition was harvested. Liaocheng, China) at a 1 : 1 weight ratio (nHAC/PLA). The mixture was frozen at −20 ∘ C overnight and lyophilized for removing dioxane. After ultrasonication, a cylindrical material was fabricated. The diameter was 10 mm and the height was 10 mm.
The study was approved by the animal ethic committee of Peking Union Medical College Hospital (PUMCH). All the procedures were conducted in accordance with the guidelines for the care and maintenance of animals. Fifteen three-month-old New Zealand rabbits (Experimental Animal Center of PUMCH, Beijing, China) weighing 2.5 to 3.0 kg were used. All operations were performed under sterile conditions by the same surgeon. An nHAC/PLA composite was directly implanted into the intramuscular gap in the groin. Histological examinations were performed at 2, 6, and 10 weeks after implantation.
3% pentobarbital sodium (1 mL/kg body weight, Sigma, USA) was used for the anesthesia of the animals. 800,000 IU penicillin sodium (North China Pharmaceutical Group Corporation, China) was prophylactically injected before the operation. All the animals were treated as follows. A 2 cm skin incision from the groin midpoint to the knee was taken, and the myolemma was longitudinally split. A composite was directly placed into the intramuscular gap. The femoral muscle and skin were sutured with 3-0 silk sutures. Postoperatively, 800,000 IU penicillin sodium and 0.15 mg buprenorphine (Tianjing Institute of Pharmaceutical Research, China) were separately administered intramuscularly every 12 hours for 3 days.
The animals were, respectively, sacrificed after 2, 6, and 10 weeks ( = 5 × 3). The composites were removed and fixed in 10% buffered formalin for 24 hours. After washing, they were decalcified by 14% ethylenediaminetetraacetic acid (EDTA) solution for 6 weeks. Then, they were dehydrated in graded ethanol and embedded in paraffin. Eight cross sections (5 m) were obtained from each specimen, perpendicular to the long axis in the middle (Figure 1(a) ), using a leica microtome (Leica Microsystems, Wetzlar, Germany). For histomorphometric analysis, four sections were randomly selected for haematoxylin and eosin (H & E) staining and microphotographs were taken using a microscope and a digital camera (Leica Microsystems). On each section, four microphotographs of interest in the inner 1/3 radius at 3, 6, 9, and 12 o' clock at 400x magnification were evaluated, and the number of vessels in high power field (HPF) was counted by two independent and blinded pathologists (Figure 1(b) ). Microvessel density (MVD) was calculated for each sample. The results were given as means ± standard deviation (x ± SD, vessels/HPF). Sections of each implant were evaluated for endothelial cell structures by immunofluorescence staining against CD31. The primary antibody was rabbit anti-PECAM-1 (Beijing Biosynthesis Biotechnology Corporation, China), and the second antibody was goat anti-rabbit IgG/FITC (Beijing Biosynthesis Biotechnology Corporation, China).
Results
All rabbits tolerated the surgical procedure and survived well. No perioperative complication, including infection, hematomas, and wound dehiscence, was found. After removing, the implants were surrounded by rich blood supply tissue ( Figure 2 ). As time goes on, the volume of tissue adhering to the implant was also increasing. Figure 3 showed that there were a lot of inflammatory cells, fibroblasts, blood vessels, and vascular sprouts in the middle of the composites. Along with the time extension, there were fewer inflammatory cells and more fibroblasts and vessels. MVD of the implants was significantly increased (Figure 4 , 2 weeks: 6.23 ± 1.55 vessels/HPF, 6 weeks: 10.58 ± 2.60 vessels/HPF, and 10 weeks: 12.96 ± 2.60 vessels/HPF). The vascular walls of new vessels and red blood cells in the composites were both emphasized as light green fluorescence by CD31 immunofluorescence histochemical staining ( Figure 5 ).
Discussion
As early as 1763, the importance of blood vessels in bone formation was noted: "the origin of bone is the artery carrying the blood and in it the mineral elements" [11] . Blood vessels are key contributors to the process of osteogenesis, both in development and during repair. Since oxygen and nutrition supply by diffusion are restricted to a maximum range of 200 m into a given matrix [12] and suboptimal initial vascularization often limits survival of cells in the center of large constructs [13] , therefore, the vascularization of TEB has drawn scholars' interests recently. It includes the progresses of angiogenesis (the sprouting of capillaries from preexisting blood vessels) and vasculogenesis (the assembly of capillaries in situ from undifferentiated endothelial cells) [14] . Angiogenesis is involved in the initiation and promotion of endochondral and intramembranous ossification in bone growth and remodeling [15] .
Nowadays, the technology of constructing a blood vessel system has still many difficult issues that cannot be resolved by the development of tissue engineering alone. Surgical angiogenesis is the unique promising method to establish a functional vascular network. It utilizes the preexisting blood vessels as a vascular carrier to regenerate nutrient vessels by incorporating artificial materials and cells into them.
The most frequent method of neovascularization in tissue engineering is that the neovascular bed originates from the periphery of the construct implanted into a site of high vascularization potential (subcutaneous [16] , intramuscular [17] , and intraperitoneal [13] ). Vascularization occurs via an endogenous response to the surgical implantation, which creates an inflammatory wound-healing response [14] . Endogenous angiogenic growth factors are expressed because of the hypoxia of the implant. Exogenous angiogenic growth factors can be incorporated into the implant to enhance the vascularization. Warnke et al. reported that they had successfully used intramuscularly as in vivo bioreactor for prefabrication of a large mandible replacement in a clinical practice [18] .
Tissue engineering is promising therapeutic strategies for the repairment of diseased or injured tissues and organs [19] . There are three elements in tissue engineering, including scaffolds, seeding cells, and cytokines. Scaffolds play an essential role, because they not only supported and regulated the growth of cells, but also guided the ingrowth of periphery tissue [20] [21] [22] . The osteogenesis and angiogenesis abilities of scaffolds have been significantly developed [21] . The advantage of biocompatibility and osteoinduction of microstructured calcium phosphate materials has been shown before [23, 24] . Similar to the natural cancellous bone in main composition and in hierarchical microstructure, a new bionic porous scaffold, nHAC/PLA composite, has been fabricated before [9] . Its pore size was about 100-300 m, and its porosity was about 80%. Cellular activities were affected by chemical composition, conformation, porosity, and hydrophobicity of matrix [25] . The osteogenesis ability of nHAC/PLA composites were confirmed by osteoblasts culture and animal model tests [9] . But its vascularization ability did not have been estimated before. This might decide its availability for repairing large bone defects. In this study, we first demonstrated that it could guide vessels' ingrowth in vivo to achieve its vascularization.
In conclusion, the ability of nHAC/PLA composites was shown to generate new vascular networks for prefabrication of large bone substitutes by implanting intramuscularly. A vascularized large bone flap for transplanting could be prefabricated using a nHAC/PLA composite as a scaffold in the future.
